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We present a muon-spin rotation study of the optimally doped cuprate
superconductor (BiPb)2(SrLa)2CuO6+δ. The measured magnetic field depen-
dence of the in-plane magnetic penetration λab suggests superconductivity
with a dominant d-wave order parameter. The comparison of the tempera-
ture dependence of λab with calculations, assuming the angular gap symmetry
as obtained from photoemission measurements, is consistent with a partial
suppression of the quasi-particle weight towards the anti-nodal region of the
Fermi surface. This suggests that the superconducting and the pseudogap
state are dominated by different parts of the Fermi surface.
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1 Introduction
An important open question in cuprate physics is the relevance of the pseu-
dogap phenomenon for the occurrence of high-temperature superconductiv-
ity. The generic phase diagram of cuprate superconductors is determined
by an antiferromagnetic, a pseudogap, and a superconducting phase, which
are characterized by their respective transition temperatures TN , T
∗, and Tc.
Below T ∗ the pseudogap state emerges and the density of states at the Fermi
level is decreased. Below Tc the superconducting state appears. In the case
that the pseudogap is a precursor phenomenon of superconductivity, long-
range phase coherence will be established only below Tc and all electronic
states, including those affected by the occurrence of the pseudogap begin to
form the superconducting condensate. In other words, all electronic states
over the whole Fermi surface, except for those at the nodes, contribute to
superconductivity. However, a second possible scenario is that the supercon-
ducting condensate is formed only by those states, which are not influenced
by the opening of the pseudogap.
Various experiments support the latter scenario [1, 2, 3, 4, 5, 6]. Angle re-
solved photoemission spectroscopy (ARPES) [3, 4] reveals that the energy
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gap which opens at Tc exhibits point nodes along the diagonal of the Cu-O
bond, consistent with dominant d-wave superconductivity. Furthermore, it
was shown that the pseudogap appears below T ∗ and develops gradually to
its maximum value towards the anti-nodal region of the Fermi arc, whereas
it vanishes in a region near the nodes. In recent Raman-scattering exper-
iments, an almost temperature independent anti-nodal gap in underdoped
cuprates was found below T ∗ [5]. In contrast to that, the energy gap in the
near-nodal region opens below Tc and follows a well-defined BCS temperature
dependence [4]. In addition, the near-nodal gap scales with Tc [4], whereas
the anti-nodal gap size increases in general when lowering the doping in the
underdoped regime [5]. These experimental observations suggest that the
pseudogap and the superconducting state are coexisting phenomena, which
may arise from different parts of the Fermi surface.
Muon-spin rotation (µSR) experiments allow to deduce the magnetic penetra-
tion depth λ, which is related to the superfluid density as λ−2 ∝ ρs ∝ ns/m∗,
where m∗ and ns denote the supercarrier mass and density, respectively.
This relation is valid within the London model (λ ≫ ξ). The temperature
dependence of λ is determined by the amplitude of the the superconducting
energy gap and its temperature and angular dependence. It is not possible
to reconstruct the amplitude and the exact angular dependence directly from
µSR data. However, by assuming d-wave superconductivity, λ(T ) can be re-
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constructed. This reconstruction yields a gap value. ARPES measurements
provide the amplitude and the angular dependence of the energy gap. By
comparing bulk-sensitive µSR and surface-sensitive ARPES [3] experiments,
different gap scenarios were tested. We find consistency between data of
these two methods obtained for optimally doped (BiPb)2(SrLa)2CuO6+δ by
assuming, that superconductivity is caused only by states from the near-
nodal part of the Fermi surface, i.e. that the anti-nodal states affected by
the pseudogap do not participate in the superconducting condensate. The
main results of this contribution are published in [7].
2 Experimental details
The µSR experiments were conducted on Pb- and Sr-doped single-crystalline
(BiPb)2(SrLa)2CuO6+δ at optimum doping (OP Bi2201) with Tc = 35K and
a transition width ∼ 3K. The sample preparation is described elsewhere [8].
Exchanging Bi partially for Pb does not change Tc, but removes partially the
buckling of the insulating BiO layer, which is relevant for ARPES studies [3].
The doping level is controlled by the relative amount of Sr and La.
OP Bi2201 is an ideal compound to investigate the connection between the
superconducting and the pseudogap phase by means of µSR for the following
reasons. First, recent ARPES studies provide detailed information on the
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amplitude and the angular dependence of the energy gap of OP Bi2201 [3].
Furthermore, a large difference between the two involved energy scales is
advantageous, and the pseudogap size in OP Bi2201 is roughly three times
larger than the superconducting one.
The transverse-field µSR experiments were carried out at the Paul Scherrer
Institute (Villigen, Switzerland). Technical details of this method can be
found in Ref. 9. Two OP Bi2201 crystals with an approximate size of 4 ×
2 × 0.1mm3 were field cooled to 1.6K in fields ranging from 5 to 640mT.
The field was applied along the c axis of the crystals, thus probing the decay
of the magnetic field within the ab plane (λab). The µSR time spectra were
analyzed by a two-component Gaussian approximation [7, 10, 11]:
P (t) =
2∑
i=1
Ai exp(−σ2i t2/2) cos(γµBit+ φ), (1)
from which the internal magnetic field distribution P (B) of the supercon-
ductor in the mixed state was obtained by Fourier transformation:
P (B) = γµ
2∑
i=1
Ai
σi
exp
(
−γ
2
µ(B −Bi)2
2σ2i
)
. (2)
Ai, σi, and Bi denote the asymmetry, the relaxation rate, and the mean field
of the i−th component, γµ = 2pi×135.5342 MHz/T is the muon gyromagnetic
ratio, and φ is the initial phase of the muon-spin ensemble.
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λab was derived from P (B) within the second-moment model [7, 10, 11]:
σ2tot =
2∑
i=1
Ai
A1 + A2
[
σ2i + γ
2
µ[Bi − 〈B〉]2
]
, (3)
where λ−4ab ∝ σ2tot − σ2nm = σ2sc. σnm is the additional relaxation rate due to
the nuclear moments, σsc is the superconducting state contribution, and 〈B〉
is the first moment of P (B).
3 Results and discussion
The field dependence of the second moment of P (B) measured at 1.6K is
depicted in Fig. 1. The dashed line was calculated using the model of Brandt
[12], assuming an isotropic s-wave superconductor with λ = 360 nm and
ξ ≃ 2.6 nm. The coherence length ξ was estimated from the second critical
field µ0Hc2(0) ≃ 50 T [13]. In the case that the superconducting gap possesses
nodes, a field dependent correction to the superfluid density ρs due to its
nonlinear and nonlocal response to the applied field has to be taken into
account [14]. The nonlinear response of a d-wave superconductor is given by
[15]
ρs(H)
ρs(H = 0)
=
σsc(H)
σsc(H = 0)
= 1−K
√
H. (4)
The parameter K measures the strength of the nonlinear response. Since Eq.
(4) is valid for H ≫ Hc1, only fields exceeding 40mT were considered in the
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fit, which is represented by the solid line in Fig. 1. The skewness parameter
is derived from the second and the third moment of P (B) according to αs =
〈∆B3〉 13 〈∆B2〉− 12 [16] [〈∆Bn〉 is the nth moment of P (B)]. αs(1.6K) was
found to be field independent within error. Moreover, αs = 0.84(2) is smaller
than the expected value of 1.2 for a triangular vortex lattice and κ ≫ 1
[7]. The field independence of αs ensures that no symmetry change of the
vortex lattice takes place in the investigated field range. The magnetic field
dependence of the in-plane σsc ∝ λ−2ab shows consistency with a leading d-
wave gap (see Fig. 1).
The temperature dependence of the second moment of P (B) for a field of
40mT applied along the c axis was studied (see Fig. 2a). Note, that below
20K, σsc(T ) shows a linear behavior, consistent with the previous finding
that there exist nodes in the gap of OP Bi2201.
The temperature dependence of λ can be calculated using [11]
λ−2i (T )
λ−2i (0)
= 1 +
1
pi
∫ 2pi
0
∫
∞
∆(T,ϕ)
w(ϕ)
(
∂f
∂E
)
EdEdϕ√
E2 −∆(T, ϕ)2 , (5)
with
∆(T, ϕ) = ∆0 × s(T/Tc)× g(ϕ). (6)
i refers to the crystallographic axis (i = a, b, c). With the quasi-particle
weight function w(ϕ) a non-uniform quasi-particle weight around the Fermi
surface can be introduced (for a uniform quasi-particle weight: w(ϕ) = 1,
7
0 ≤ ϕ ≤ 2pi). f = [exp(E/kBT ) + 1]−1 denotes the Fermi distribution
function, and λi(0) and ∆
0 are the zero-temperature values of the magnetic
penetration depth and the superconducting gap, respectively. In Eq. (6) g(ϕ)
describes the angular dependence of the gap, whereas s(T/Tc) describes its
temperature dependence.
First, σsc(T ) was analyzed assuming d-wave symmetry of the superconduct-
ing gap [g(ϕ) = cos(2ϕ)] and a uniform quasi-particle weight around the
Fermi surface [w(ϕ) = 1]. For the temperature dependence of the gap,
s(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]) [17] was taken. To use the weak-
coupling BCS formula for s(T/Tc) is justified by direct gap measurements by
means of ARPES [4] and tunneling spectroscopy [18]. By fitting the σsc(T )
using Eq. (5), ∆0 = 9.7(1)meV was found [2∆0/kBTc = 6.43]. The ampli-
tude and the angular dependence of the superconducting gap used in this
approach is illustrated by the solid line in Fig. 2b. Obviously, λ(T ) is well
described by this analysis, see solid line in Fig. 2a, but the gap behavior
seems to be inconsistent with the ARPES measurements shown in Fig. 2b.
In a further step, we analyzed our µSR data by directly introducing the
amplitude and the angular dependence of the energy gap from ARPES mea-
surements (see Fig. 2b) on a similar sample of OP Bi2201[3]. Three different
approaches were evaluated to reproduce the in-plane σsc(T ) (see Fig. 2a) us-
ing the ARPES data (see Fig. 2b).
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(a) In the first approach ∆(T, ϕ) in Eq. (5) is given by the dotted line in
Fig. 2b. Here, a uniform quasi-particle weight around the Fermi surface is
assumed, i.e. w(ϕ) = 1. The dotted line assumes a d-wave gap. The gap am-
plitude ∆0 is determined by fitting a d-wave gap expression [g(ϕ) = cos(2ϕ)]
considering only those ARPES data points of the energy gap’s angular de-
pendence, which are not affected by the pseudogap phenomenon [3]. Thus,
∆(T, ϕ) = 15meV × s(T/Tc)× cos(2ϕ) [2∆0/kBTc = 9.95]. For the temper-
ature dependence of the gap, s(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]) [17]
was taken. σsc(T ) calculated within approach (a) is shown as dotted line in
Fig. 2a. Obviously, the dotted line cannot describe the µSR data.
(b) In a second approach ∆(T, ϕ) in Eq. (5) is given by the dashed-dotted line
in Fig. 2b. w(ϕ) = 1 was assumed. The dashed-dotted line is an analytical
function consisting of two parts, one describing the near-nodal and the other
the near anti-nodal region. For the near-nodal part ∆0 = 15meV, g(ϕ) =
cos(2ϕ), and s(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]) [17] was taken. The
near anti-nodal part was assumed to be temperature independent, as sug-
gested by Raman-scattering experiments [5]. Furthermore, ∆0 = 36meV
and g(ϕ) = cos(3.4ϕ) was taken. The σsc(T ) calculated within approach (b)
is shown as dashed-dotted line in Fig. 2a. It is evident that also this approach
cannot describe the µSR data.
(c) The third approach is the same as approach (a), except that here the su-
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perfluid density is assumed to be suppressed on a part of the Fermi surface,
and is illustrated by the dashed line in Fig. 2b. Technically, this suppression
can be realized by adjusting w(ϕ) according to:
w(ϕ) =


1 if (n · 45o − 25o) ≤ ϕ ≤ n · 45o,
0 else.
Here, n is an integer ranging from 1 to 8. σsc(T ) calculated within approach
(c) describes the µSR data rather well and is shown as dashed line in Fig.
2a.
Full consistency between bulk-sensitive µSR and surface-sensitive ARPES
measurements is obtained in the last approach, where a partial suppression of
the quasi-particle weight was assumed. These findings therefore suggest that
the pseudogap and the superconducting phase are dominated by different
parts of the Fermi surface.
Note that both, the fitting procedure assuming a superconducting d-wave
gap with a uniform quasi-particle weight over the whole Fermi surface with
∆0 = 9.7meV (solid line in Fig. 2a) and also the calculation using ARPES
results assuming a superconducting d-wave gap with a partial suppression of
the quasi-particles on the Fermi surface with ∆0 = 15meV (dashed line in
Fig. 2a) describe our µSR data well.
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4 Conclusions
From the field dependence of the µSR data it was found that the in-plane
superfluid density shows a behavior, which excludes isotropic s-wave super-
conductivity for (BiPb)2(SrLa)2CuO6+δ, but shows consistency with super-
conductivity with a dominant d-wave order parameter. The comparison of
the measured temperature dependence of λ with calculation using recent
ARPES measurements on a similar sample of the same compound suggests
that the states affected by the pseudogap do not participate in the superfluid
condensate. To further clarify this point more experimental work is required.
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Figure 1: Magnetic field dependence of the in-plane σsc ∝ λ−2ab of
(BiPb)2(SrLa)2CuO6+δ at 1.6K. The dashed line results from numerical cal-
culations using the model of Brandt [12], assuming an isotropic s-wave gap
and λ = 360 nm and ξ = 2.6 nm. For a d-wave superconductor the expected
field dependence of σsc is represented by the solid line, which includes a cor-
rection due to the nonlinear response of the in-plane superfluid density (see
text). Examples of the asymmetric local magnetic field distribution P (B)
are plotted for 40 and 640mT.
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Figure 2: Panel (a) shows the temperature dependence of the in-plane
σsc ∝ λ−2ab of (BiPb)2(SrLa)2CuO6+δ for a field of 40mT applied along the
c axis. The lines are obtained using Eq. (5) and different amplitudes ∆0
and angular dependences g(ϕ) of the energy gap [g(ϕ) = cos(2ϕ) with a uni-
form quasi-particle weight around the Fermi surface with ∆0 = 9.7(1)meV
(solid) and ∆0 = 15meV (dotted), g(ϕ) = cos(2ϕ) with partial suppression
of the superfluid density (dashed), and g(ϕ) = cos(2ϕ) in the nodal and
g(ϕ) = cos(3.4ϕ) in the anti-nodal region (dashed-dotted), see text for more
details]. Panel (b) shows the amplitude and the angular dependence of the
energy gap of OP Bi2201 as obtained from ARPES [3], and illustrates the
different approaches used to analyze σsc(T ) in the appropriate color. The in-
set in panel (b) shows schematically a part of the Fermi surface. The points
A and B are in the near nodal and the near anti-nodal region, respectively.
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